Background Cardiovascular risk factors are transmitted from parents to offspring; however, the relative contributions of fathers and mothers remain unclear. If maternal exposures during pregnancy influence offspring through the intrauterine environment, associations between mothers and offspring are expected to be stronger than between fathers and offspring. In this family linkage study we compared father-offspring and mother-offspring associations of several cardiovascular risk factors.
Introduction
Cardiovascular disease 1, 2 and risk factors are transmitted through generations from parents to offspring. [3] [4] [5] [6] [7] [8] This pattern of parent-offspring similarity can be attributed to both genetic and environmental factors. 9 One possible mechanism involves early life events as determinants for subsequent adult disease risk factors. 10 During the past two decades, particular attention has been given to maternal exposures during pregnancy influencing the intrauterine environment. Studies have reported inverse associations between size at birth and later cardiovascular mortality 10, 11 as well as body mass index (BMI), 12 blood pressure, 11 blood glucose 13 and adverse blood lipid levels. 14 It has also been hypothesized that fetal overnutrition increases the risk for offspring obesity that may result in an acceleration of transmission through successive generations. 15 If intrauterine conditions alter the structure and function of organs and physiological systems in the fetus, this can be manifested in adverse offspring outcomes such as low birthweight and preterm birth 16 and possibly also as reduced stature, 17 high blood pressure 11 and an unfavourable lipid profile in adolescence and adulthood. 18 In particular, phenotypes such as extreme obesity and gestational diabetes could influence the fetal environment. 19, 20 Thus, factors that could mediate these associations are expected to be more strongly associated between mothers and offspring, than between fathers and offspring. 21, 22 Although a pregnancy may trigger long-term maternal weight gain and obesity, 23 there is also a clear relation between gestational weight and both prepregnancy 24 and post-partum weight. 25 Thus, body weight throughout a woman's lifetime is highly correlated with gestational weight and weight gain, and similar associations are likely also for other cardiovascular risk factors. 26 A few studies have reported a stronger maternal than paternal parent-offspring association of BMI, [27] [28] [29] whereas others have not. [30] [31] [32] However, intergenerational associations of other cardiovascular risk factors have not been previously studied.
In the present study we linked information on 36 528 parent-offspring trios that participated in a large population-based health study in Norway. The main objective was to compare father-offspring and mother-offspring associations for several cardiovascular risk factors.
Methods

Study population
The HUNT Study is a large population-based study where all residents in the county of Nord-Trøndelag, Norway, aged 520 years were invited to participate at three cross-sectional surveys: first in 1984-86 (HUNT1), then in 1995-97 (HUNT2) and lastly in and 2006-08 (HUNT3). In HUNT1, 74 599 (88.1%) out of 85 100 eligible persons accepted the invitation; in HUNT2, 94 194 people were invited and 66 140 (71.2%) accepted the invitation; whereas in HUNT3, 94 194 inhabitants were invited and 50 839 (54%) chose to participate. A non-responder study after HUNT2 33 showed that non-participants had higher prevalence of cardiovascular disease, diabetes mellitus and psychiatric disorders, lower socioeconomic status (SES) and higher mortality than participants. 34 
Record linkage
The unique 11-digit personal identification number of Norwegian citizens was used to establish a family linkage at Statistics Norway between parents and offspring who had participated in one or more HUNT surveys. If participants had data available from more than one cross-sectional survey, we used information from when they were youngest, in order to limit the possibility that underlying conditions and diseases, such as hypertension, diabetes and hypercholesterolaemia, could have influenced our results. However, since information on blood lipids and waist circumference was not available from HUNT1, information from HUNT2 and HUNT3 was prioritized for these variables.
To be eligible for participation, information on height and weight had to be recorded as well as data for the risk factor in question. This resulted in a total of 36 528 parent-offspring trios available for statistical analysis.
Study variables
All participants completed a comprehensive questionnaire on lifestyle and health-related factors. At a clinical examination, standardized measures of anthropometry, blood pressure and resting heart rate (RHR) were obtained by trained personnel. A random (non-fasting) venous blood sample was drawn from all participants. A more detailed description of procedures and methods can be found at http://www.ntnu.edu/hunt Anthropometric factors were measured with participants wearing light clothes without shoes. Height was measured to the nearest centimetre and weight to the nearest half-kilogram. Waist and hip circumference were measured with a steel band to the nearest centimetre at the height of the umbilicus and at the thickest part of the hip, respectively. Systolic and diastolic blood pressure (SBP and DBP) were measured three times at 1-min intervals using a Dinamap 845XT (Citricon, Tampa, FL, USA), and the mean of the second and third measure was used in the analyses.
Non-fasting serum concentrations of total cholesterol, high density lipoprotein (HDL) cholesterol and triglycerides were measured using an enzymatic colorimetric cholesterol esterase method applying reagents from Boehringer Mannheim GmbH (Mannheim, Germany). Blood glucose was measured using an enzymatic hexokinase method.
In HUNT1, RHR was measured after at least 4 min of seated rest by palpating the radial pulse over a period of 15 s. In HUNT2 and HUNT3, RHR was measured three times at 1-min intervals after 2 min of seated rest, using the Dinamap 845XT. The mean of the second and third measures was used in the analyses.
A possible stronger maternal-offspring than paternal-offspring association could be explained by intrauterine influences. However, the cardiovascular risk factors were not measured during pregnancy for most of the mothers included in this study. To establish how well risk factors measured at other times represent risk factors during pregnancy, we assessed the correlation between measurements taken during pregnancy and those taken approximately 10 years earlier or later, using the 50 women who reported being pregnant in HUNT3 but not in HUNT2 and 308 women who reported being pregnant in HUNT2 but not HUNT 3.
Statistical methods
If parents had multiple children in the data (i.e. siblings), this could contribute to inflated precision of estimates due to reduced inter-individual variation caused by shared childhood conditions and possible genetic inheritance. To avoid this violation of independence assumptions in the regression analyses described below, all standard errors were adjusted for within-family clustering, treating observations between families as independent and within families as dependent. 35, 36 Correlations in cardiovascular risk factors between fathers and mothers were estimated by calculating pairwise correlation coefficients adjusted for age. Correlation between measurements taken during pregnancy and those taken approximately 10 years earlier or later were estimated calculating Pearson's correlation coefficients (r) among the 50 women who reported being pregnant in HUNT3 but not in HUNT2 and the 308 women who reported being pregnant in HUNT2 but not HUNT 3.
The parent-offspring associations for BMI, weight, height, waist circumference, waist-hip-ratio (WHR), SBP, DBP, total and HDL-cholesterol, triglycerides, glucose and RHR were assessed using age-adjusted sex-specific residuals from linear regression of each parental risk factor. Offspring residuals were computed in similar models, adjusting for both sex and age. Additionally, a product term of sex and age was added to test for interaction. The distribution (i.e. normality) was assessed by visual inspection of histograms of offspring residuals. Due to a skewed distribution, triglycerides residuals were log-transformed and parent-offspring associations are presented as percentage change in offspring triglyceride level per mmol/l increase in parental levels. To account for possible non-linear relations, age was adjusted for in cubic spline models with five knots, placed on ages 40 37 Analyses were repeated using standardized residuals to give results unaffected by differences between the sexes in the range of absolute values. The strength and shape (i.e. linearity) of the parent-offspring associations were visualized as mean offspring age-and sex-adjusted variables [with 95% confidence intervals (CI)] according to deciles of maternal and paternal age-adjusted variables. Since offspring mean values of BMI and height corresponding to the highest paternal and maternal deciles seemed out of line with the other values, we added a quadratic term to further examine possible non-linearity. We calculated linear combinations of estimates as the difference between father-offspring and motheroffspring associations, i.e. subtracting one coefficient from the other. This tests the null hypothesis that the difference between the father-offspring coefficient and the mother-offspring coefficient equals zero. We report point estimates for these differences with 95% CIs and P-values using standard errors based on the variance of the differences. Moreover, we did a simulation to examine the validity of this function and tested how often we falsely rejected the null hypothesis. In 10 000 runs, assuming 80% correlation between covariates, we falsely rejected 491 times at P <0.05 and 106 times at P <0.01, implying that the function used to compare parental associations is valid. Also, the coefficients were drawn from the same model, including the risk factor for father, mother and offspring, therefore they were mutually adjusted. We conducted sensitivity analyses on blood pressure and blood lipids, based on a restricted sample excluding persons using blood pressure medication or having prevalent cardiovascular disease, respectively. Another sensitivity analysis included only the 17 643 parent-offspring trios who had participated in the first survey (HUNT1), in order to avoid possible period effects due to change in several cardiovascular risk factors over the past few decades.
Non-paternity, where the biological father is not the same as the father recorded in the registry, could weaken a possible association through the paternal line compared with the maternal line. In supplementary analyses we recalculated the parent-offspring associations using an adjusted variance-covariance matrix based on possible non-paternity rates up to 10%, as described by Clemons (2000) 38 and previously used in a study of BMI. 32 The method assumes that the non-biological father's value is unrelated to the offspring's value, but related to the mother's value in the same degree as the biological father's value. Moreover, under the assumption that non-biological fathers would differ more from the offspring than biological fathers, we correlated parent-offspring differences of a risk factor with corresponding differences in other risk factors. The correlations were based on differences in age-(and sex-) adjusted zscores, and were calculated separately for mothers and fathers. If some of the fathers are not the biological fathers, one would expect a greater than average father-offspring difference for these associations than would be seen for the biological fathers.
Possible interaction between fathers and mothers was assessed by comparing a model with main effects only, against a model with main effects and a product term of father's and mother's risk factor levels. If a nominally significant (P <0.05) interaction was observed for a certain variable, the father-offspring association was stratified according to the corresponding median maternal risk factor level. Additionally, when significant interaction between father's and mother's risk factors was detected, the difference between paternal and maternal associations was recalculated including a product term in the model. We assessed differences between father-offspring and mother-offspring association amongst the extremely obese (BMI 540 kg/m 2 ) by categorizing father's and mother's BMI (based on age-adjusted values) and comparing offspring mean BMI between these categories.
The precision of the estimated coefficients was assessed by a 95% CI, all statistical tests were two-sided and all statistical analyses were conducted using Stata/SE 11.2 for Windows (StataCorp LP).
Ethics
All participants signed their written informed consent upon participation. The study was approved by the Regional Committee for Medical Research Ethics (project no. 2010/69, REK Midt, Norway). Table 1 shows mean values and standard deviations (SD) of the variables under study, as well as ageadjusted correlation coefficients between fathers and mothers.
Results
When assessing the correlation between measurements taken during pregnancy and those taken approximately 10 years earlier or later, we found nominally significant correlation for all risk factors (P <0.01), with the strongest correlation for BMI (r ¼ 76; P <0.001).
Mean offspring BMI and height according to deciles of paternal and maternal BMI and height are presented in Figure 1 and Figure 2 (Table 2 ) and standardized ( (Table 3) showed that the association with BMI was similar between fathers and mothers, whereas height and SBP displayed stronger mother-offspring than fatheroffspring associations (difference in effect size for height À0.029; 95% CI, À0.044 to À0.015 and for SBP À0.021; 95% CI, À0.038 to À0.004). Moreover, total and HDL-cholesterol also showed somewhat stronger associations with mothers than with fathers (difference in effect size for total cholesterol À0.022; 95% CI, À0.043 to 0.000 and for HDL-cholesterol À0.027; 95% CI, À0.053 to À0.001). We also present results from analyses of unstandardized values (Table 2) , although a greater range in absolute values in one sex compared with the other could distort the comparisons. Analyses including an interaction term between offspring sex and age did not change the results. Adding a quadratic term to the analyses of BMI and height did not change the estimated associations and the quadratic term did not reach nominal statistical significance.
There was some evidence of statistical interaction between parents for the association with BMI (P ¼ 0.01) and weight (P ¼ 0.02) ( Tables 2 and 3 ). Further analyses stratified by the maternal median value indicated a slightly stronger father-offspring association if maternal values were above the median compared with below. Standardized paternal coefficients for above-median vs below-median maternal values are presented in Table S3 (available as Supplementary data at IJE online); the coefficients were 0.214 vs 0.184 for BMI, and 0.244 vs 0.201 for weight, respectively. Due to this positive interaction between parents for BMI and weight (as well as height, P ¼ 0.09), we also recalculated the maternal and paternal comparisons presented in Table 2 after including a product term in the model. The estimated associations did not change, and the difference between fathers' and mothers' coefficients remained the same (data not shown).We conducted sensitivity analyses on parent-offspring trios collected from the same survey (HUNT1) to avoid any influence of secular trends in body composition and cardiovascular risk. These analyses displayed slightly weaker associations, but the differences between father-offspring Figure 2 Offspring mean height according to deciles of paternal and maternal height and mother-offspring coefficients were largely similar (data not shown).
Results from analyses of standardized values assuming non-paternity rates up to 10% are presented in Table 4 , and in Table S1 (available as Supplementary data at IJE online) for unstandardized values. At a non-paternity rate of 5%, the differences between standardized father-offspring and mother-offspring associations were negligible for all variables, except for a nominal significant difference in triglycerides (P ¼ 0.012). On the other hand, unstandardized values gave stronger paternal than maternal associations of BMI, weight and waist circumference, and stronger maternal than paternal association of height. Non-biological fathers would be expected to differ more from their offspring than biological fathers, leading to correlations between pairs of risk factors in father-offspring differences that were greater than the corresponding correlations in mother-offspring differences. However, supplementary analyses did not suggest large deviations in these correlations (Table S2 , available as Supplementary data at IJE online).
There was no substantial difference between father-offspring and mother-offspring association among the extremely obese (Table S4 , available as Supplementary data at IJE online).
Sensitivity analyses of blood pressure and blood lipids excluding persons using blood pressure medication or having prevalent cardiovascular disease did not change the results (data not shown).
Discussion
Main results Parent-offspring associations of anthropometric factors, blood pressure, blood lipids, glucose and RHR are largely similar between fathers and mothers. Percentage change per mmol/l increase in parental levels.
CARDIOVASCULAR RISK FACTORS: FAMILY LINKAGE
Some of the variables under study were nominally statistically different between fathers and mothers in this large amount of data, and the most notable difference between standardized coefficients for fathers and mothers was À0.029 (95% CI, À0.044 to À0.015) for height. When considering genetic influences on parent-offspring associations, one would expect that non-paternity would create a stronger association in the maternal than the paternal line. After adjusting for an assumed non-paternity rate of 5%, there was no difference between father-offspring and motheroffspring associations of standardized risk factor values.
Comparison with existing literature To our knowledge, no previous study has compared paternal and maternal influences on a wide range of offspring cardiovascular risk factors. However, comparable father-offspring and mother-offspring associations of height have been documented since the beginning of the 20th century, 39 and a few studies have examined father-offspring and mother-offspring associations with BMI and obesity. 28, 31, 32, [40] [41] [42] [43] [44] Unlike the present study, most previous studies have included offspring at a young age, when still living at home and sharing an environment with their parents. Some studies have reported stronger mother-offspring associations than father-offspring associations, 28, 40, 41 whereas others have reported similar associations 31, 32, [42] [43] [44] [45] One study examined BMI, weight and height over three generations and found that both maternal and paternal lines contributed to offspring height, whereas only the maternal line contributed to BMI. 40 Another study suggested that familial co-variation in height was mostly due to genetic factors, whereas environmental factors influenced weight and BMI. 4 We found that CI, confidence interval; BMI, body mass index; Waist, waist circumference; WHR, waist-hip-ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL-chol., high density lipoprotein cholesterol; Triglyc, triglycerides; RHR, resting heart rate. a Percentage change per mmol/l increase in parental levels.
mother-offspring association of height was slightly stronger than father-offspring association. If sexspecific genetic factors have little effect on body height, the observed difference could be due to unidentified environmental factors. 46 However, adjusting for non-paternity substantially attenuated this difference. Analyses of BMI showed no clear sex difference in the parent-offspring association using standardized values, although unstandardized values showed slightly stronger associations for fathers than for mothers. The difference in father-offspring and mother-offspring associations between unstandardized and standardized BMI values can be explained by the greater standard deviation of BMI in mothers Table 4 Standardized regression coefficients for offspring variables (age-and sex-adjusted by regression) on parental corresponding variables considered simultaneously, assuming various proportions of non-paternity, with P-values for differences in parental effects The largely similar father-offspring and motheroffspring association found in the present study suggest that a specific maternal effect due to intrauterine exposures is at most weak for the cardiovascular risk factors under study. Thus, it is unlikely that this could be a major driver for the obesity epidemic seen in recent years. Results from a study using the obesityassociated FTO gene as an instrumental variable for maternal BMI argue against a strong influence of the intrauterine environment on offspring adiposity 42 Moreover, adoption and twin studies have established strong correlations between parents and their biological offspring, and between twins and other pedigrees, independent of shared familial environment. 7, 47, 48 Possible mechanisms Disentangling the relative importance from each parent, whether mothers influence their offspring through intrauterine and fathers through genetic effects, is difficult. Environmental exposures in fathers and mothers can lead to epigenetic effects 49 that may alter gene expression without affecting genomic DNA configurations. 50 Although these epigenetic mechanisms could contribute to offspring phenotype, it is implausible that they transmit across generations in ways that generate parent-offspring similarity towards the phenotype. 51 The fetal overnutrition hypothesis states that the mother alone influences directly the fetal environment. This would make the mother's influence on offspring greater than the father's influence, contrary to our findings. Mother's BMI has been found to be more strongly related to offspring adiposity measures at birth than father's BMI, but this ceases to be the case at later developmental stages. 31, 52 Evidence from sibling studies suggests an intrauterine effect of more extreme phenotypes, such as extreme obesity or gestational diabetes. 19, 20 However, the low prevalence of these characteristics would not result in any meaningful effects across an entire population. 15 In the present study there was no strong evidence of a difference between mothers and fathers in the association of extreme parental obesity with offspring BMI. It could be inferred that the intergenerational increase in obesity is not caused by fetal overnutrition or exposure to other adverse factors in the intrauterine environment. Maternal cardiovascular risk factors were not measured during or close to pregnancy for most mothers included in the study, but characteristics measured before and after pregnancy were highly related to their gestational values. [24] [25] [26] With regard to fathers, genetic effects transmitted through the male line could possibly even out the potential effect of the fetal overnutrition hypothesis. Some evidence of this was found in a study linking low birthweight in offspring to unfavourable levels of paternal cardiovascular risk factors, independent of confounding factors likely to be shared with the mother. 53 Still, it is unlikely that paternal genetic factors exactly match maternal intrauterine influences, 21 and a more parsimonious interpretation of our results is that the influence of both these factors on offspring risk factors is minor compared with the influences of conventional genetics and/or the shared environment.
Implications of results
It is difficult to identify individuals susceptible to cardiovascular risk factors before they develop them. 54 However, knowledge of heritability can assist in prospectively identifying individuals at risk. If associations are similar for both parents, then public health interventions related to, for example, diet and exercise should include the whole family, rather than focus on (pregnant) women alone.
Strengths and limitations
The strengths of this study include the large study size, the population-based design and the large number of objectively measured risk factors. However, it should be noted that due to multiple testing, some statistically significant results could be chance findings. Previous studies have often relied on self-reported measures of anthropometric factors like height and weight, and results could therefore be prone to systematic errors. 55 In this study, each cardiovascular risk factor is considered separately. Multivariate analyses including several risk factors in the same model could be assessed in future studies. If participants had data available from more than one cross-sectional survey, we used information from the earliest point in time, when participants were youngest, in order to limit the possibility that underlying conditions and diseases such as hypertension, diabetes, and hypercholesterolaemia could have influenced our results. A unique feature is that the offspring were adults at the time the information was collected, suggesting that familial risk factor levels persist even though the offspring do not share a household environment with their parents. However, we cannot exclude the possibility that families in which both parents and offspring have participated could be a selected and conceivably more health-conscious sample than the general population. On the other hand, descriptive data showed high levels of several cardiovascular risk factors, possibly influencing the results. It should also be noted that blood lipids and blood glucose levels were measured in a non-fasting state. This could increase the statistical uncertainty, especially since glucose is sensitive to meals in an overweight population. 56 Still, the potential bias arising from this would most likely be non-differential and attenuate the results, and the parent-offspring association with blood glucose was the weakest of all variables under study. However, it has been shown that lipid levels after normal food intake differ only minimally from levels in the fasting state. 57 The present study compared parents and their reported biological offspring, but we did not have information on whether the offspring shared an environment with one or both of their biological parents when growing up. It is possible that the intergenerational association is stronger in offspring who shared an environment with their biological parents during childhood. 4 Moreover, assortative mating, either through similar genes or cohabitation, 58 could give more similar parent-offspring associations in our data. Overall, correlations between paternal and maternal risk factors were weak. However, some evidence of assortative mating could be inferred from stronger correlations for anthropometric measures than for factors such as blood pressure and blood lipids. 4 Assortative mating may increase heritability assumptions as it generates a correlation between spouses' genotypes and thus increases the genetic correlations, possibly overestimating the biological impact of gestation. However, if cohabitation is the main reason for spouse correlations, this does not violate heritability assumptions as it does not generate genetic correlations between the spouses. 59 The sampling points for parents and offspring are up to 20 years apart; however, the effect of this period on body composition and cardiovascular risk would probably be non-differential and attenuate the results. Additionally, sensitivity analyses on parent-offspring trios collected from HUNT1 displayed largely similar differences between father-offspring and motheroffspring coefficients.
Conclusion
This study found largely similar father-offspring and mother-offspring associations across several cardiovascular risk factors, arguing against strong maternal effects transmitted through intrauterine exposures, and suggesting that shared environmental or genetic influences involving both parents are the main drivers of parent-offspring similarity for these phenotypes.
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